Abstract: Objective: To determine the efficacy of intense constraint-induced movement therapy (CIMT) for patients who cannot achieve finger extension due to a severe plegic hand after stroke. Design: Pre-post, pre-1 month follow-up, singleblinded, multi-baseline case. Participants: Fifteen participants who were all >12 months post-stroke. Interventions: Two weeks of CIMT including restraint of the nonparetic upper extremity and 6 hours of training each day. Outcome: There was a statistically significant effect of CIMT on upper extremity motor impairment assessed by the Fugl-Meyer Motor Assessment (FMA), the Motor Activity Log for low functioning patients (Grade 5 MAL) and Active Range of Motion (AROM). Post hoc analysis showed significant differences between pre-and post-treatment motor impairment scores, and the improvements in these scores were maintained at 1 month after completion of treatment. Improvements were mostly in the use of the involved upper extremity for bimanual activities. Conclusions: Intense CIMT conferred significant changes in objective measures in subjects with chronic severe plegic hand after stroke. Additional studies of the long-term benefits of this treatment on post-stroke motor impairments and related functional disabilities are warranted.
Introduction
Constraint-induced movement therapy (CIMT) is used to improve motor function after stroke and to increase use of the affected hand in daily life Taub, Uswatte & Pidikiti, 1999; Taub, Uswatte & Elbert, 2002; Morris & Taub, 2001) . CIMT has been used for mild to moderate motor impairment Taub et al., 1999; Taub et al., 1993; Winstein et al., 2003) , and from moderate to "moderate to severe" (Bonifer, Anderson & Arciniegas, 2005b) . The CI Therapy Research Team of the University of Alabama established the Constraint-Induced Therapy Criteria (UAB grade) (Bowman et al., 2006; Shaw et al., 2005) based on reported indication criteria for CIMT. This scale categorizes motor ability into five levels based on active range of motion, with grade 1 indicating the highest motor ability and grade 5 the lowest, with no extension of the wrist, fingers or thumb. Most studies of CIMT have used the ability to extend the metacarpophalangeal (MP) and interphalangeal (IP) joints of each finger and thumb by at least 10° and to extend the wrist by at least 20° (UAB grade 1 or 2 ) as the indication for CIMT (Taub et al., 1993; Liepert et al., 1998; Liepert, Bauder, Miltner, Taub & Weiller, 2000; Kopp et al., 1999) . Slightly broader criteria of extension of at least 10° at the wrist and IP joints of any two fingers, and to abduct the thumb at least 10° (UAB grade 3) have also been used (Bonifer et al., 2005a) .
Based on these studies, patients with stroke must be able to extend at least 10° at the wrist and each finger and thumb to be eligible for CIMT (Bonifer et al., 2005a) . Thus, many hemiplegic patients who wish to undergo CIMT have been excluded from this therapy. However, CIMT for severely affected hands without extension of fingers and thumbs: UAB grade 4 , UAB grade 5 (Bowman et al., 2006; has also been reported. Among these studies, a case report including detailed exercises showed that CIMT with up-per extremity braces and splints is effective for recovery of motor function and increasing use of the affected hands in daily life. Page et al. also reported CIMT combined with mental practice. These reports showed the general efficacy of CIMT, but included few subjects and did not prove that CIMT is effective for severely affected hands of UAB grade 4 or 5.
However, the outcomes suggested that CIMT for such hands can improve the ability of the patient to use household items through utilization of self-help devices and splints.
Further verification of CIMT for severely affected hands is important to enlarge the indication for CIMT, to improve motor function of more patients after stroke, and to increase use of a plegic hand in daily life. The objective of the present study was to examine the efficacy of CIMT with self-help devices/splints for severely affected hands with little or no extension of the wrist, fingers and thumb (UAB grade 4 or 5).
Methods

Participants
The participants were 15 patients with chronic hemiplegia after stroke who were admitted to the Rehabilitation Center of our hospital between November, 2009 and October, 2010. Participants (Table 1) had a mean age of 48.4 ± 9.6 years old and a mean interval after stroke of 48.6 ± 29.1 months. Thirteen had left hemiplegia. The participants submitted informed written consent to participate in this study after they received a full explanation of CIMT. The members of the rehabilitation team confirmed that each prospective participant met the following inclusion criteria: (1) at least a year after stroke, (2) UAB grade 4 or 5 (Table 2) , (3) no severe speech disability (score of at least 4/6 on the Token Test), and (4) no severe dementia (score of at least 24/30 on the Mini Mental State Examination). The exclusion criteria were a history of injection for botulinum toxin for treatment of epilepsia, mental disorder (ICD-10), and spasticity.
Protocol
All participants underwent two weeks of intensive training for the affected side extremity, fingers and thumb on weekdays for six hours each day. In many reports, constraint of the non-affected hand is recommended for 90% of waking hours (Bonifer et al., 2005a; Bowman et al., 2006; Shaw et al., 2005) , but since use of a severely affected hand in daily living is difficult, the constraint time needs to be reduced. Therefore, in the present study, the non-affected hand was immobilized in a padded mitt (NA-VIS Inc.) for 80% of waking hours. The time of use of the non-affected hand was recorded in a daily diary and checked by the occupational therapist (OTR) every week. The mitt was used in the action assignment to prevent the non-affected hand from seizing an object.
Apparatus
Participants who cannot extend the fingers and thumb cannot grasp and release items. Thus, we developed various splints that enable action assignments. The finger extension assisting splint (Fig. 1) utilizes the restoring force of a wire made of a shape-memory alloy to assist extension of the fingers with maintenance of the opposing extremity positions of the thumb and other fingers. The wire width may be changed in response to different levels of the active finger flexor force. The finger extension splint (Fig. 2) has Velcro tapes on the palm side of the main Values are shown as the mean ± SD or n. Each movement must be repeated 3 times in 1 minute. Initiation is defined for the purposes of these criteria as minimal movement (i.e., below the level that can be measured reliably by a goniometer).
body, and a spoon and a pen holder may be affixed to the Velcro tapes. We also devised self-help devices on objects used in daily living to allow operation of these items with the affected hand. These devices include door knob turners, tap turners, drawer straps, terry cloth bath mitt, adaptive cups, and clothes with magnetic buttons.
Design and interventions
The study was designed as a single-blinded multibaseline case series. Before starting training, each participant and the OTR selected three specific goals that the participant wanted to achieve in daily life after intense CIMT. For UAB Grade 4 participants, these goals were holding a rice bowl, opening and closing a refrigerator, typing on a keyboard of a personal computer, holding a telephone receiver, opening an umbrella, shooting with a rifle, putting on one's socks with both hands, putting on trousers with both hands, holding a cardboard box, holding on to a strap in an electric train, turning a tap on and off, using a knife and a fork, carrying a baby in one's arms, slipping into clothes and holding a cup. For UAB Grade 5 participants, the goals were holding a shopping bag, washing one's body, holding a form when filling it in, raising a flag for a karate referee, holding a wallet, holding a book, holding an umbrella, washing one's hands, swinging a golf club, holding a plastic bottle, drying oneself with a bath towel, holding a bag, opening and closing a door, unrolling a chart with both hands, and walking with a bag on one's arm.
Action assignments in the intensive training were performed with splints. The functional training included transferring a ball, pegging a board, building blocks, and shouldering an object; activity of daily living (ADL) and instrumental activity of daily living (IADL) training included dressing, washing one's body and turning a door knob; and applied behavior training included gardening, writing, drawing (painting), playing a video game, wiping a table and sweeping a floor. Participants underwent six hours of training daily under the supervision of OTRs with at least six years of involvement in CIMT and many years of experience. The same OTRs worked with the participants throughout the study.
The training content was set individually to match the affected level and character of the participant and the goals. In action assignments, "shaping" based on operant reward learning (Morris, Taub & Mark, 2006; Taub & Wolf, 1997) was used, with a gradual increase in difficulty and access. Linguistic feedback including "acclaim" was given only when the training was successful. In addition, exercise for general use of the affected hand in daily life (transfer package) was performed twice daily for 20 minutes in the morning and evening. Since the affected fingers could not be used practically, the non-affected hand was required for self care such as eating, going to the bathroom, bathing, dressing, and standing up, and the mitt was removed for these purposes. Additionally, since some of the participants required a walking stick or wheelchair for movement, the mitt was not used during movement due to safety considerations.
Assessments
Independent observers (OTRs not in charge of the CIMT) evaluated the participants on the day before the start of CIMT (pretreatment), one day after completion of CIMT (posttreatment), and one month after completion of CIMT (1-mo follow-up). Differences were determined blindly by mixing of participants who received training other than intense CIMT. Fugl-Meyer assessment (FMA) (Fugl-Meyer et al., 1975 ) is a method for evaluation of recovery of motor function after stroke. This method is widely used (Bonifer et al., 2005a) and its test-retest reliability and validity have been verified (Gladstone, Danells & Black, 2002; Duncan, Propst & Nelson, 1983) . In FMA, the degree and balance of range of motion, pain, sensation and damage to upper and lower extremities are measured. The upper and lower extremity subscales are scored on a 3-point scale from 0 to 2 (0 = cannot perform; 2 = can perform sufficiently). In the present study, only the upper extremity subscales (perfect score = 66) were used. The modified Ashworth scale (MAS) (Bohannon & Smith, 1987) was used as a method with high reliability for quantitative evaluation of the degree of spasticity. The validity of the MAS has been confirmed specifically for the elbow (Gregson et al., 1999) . With each patient in the supine position at rest, testing was conducted on the abductor of the shoulder on the plegic side, flexor of the elbow, flexor of the wrist, and flexor of the fingers by mobilizing the joint and recording the score based on the quality and degree of resistance. Each joint was scored on a 6-point scale from 0 (contraction around the joint and flexion/extension is impossible) to 5 (no increase in muscle tone). A perfect score in this test was 20.
The Active Range of Motion Test (AROM) is suitable for evaluation of active motor performance (Lin & Sabbahi, 1999) . Evaluation was conducted based on the contents in the "Measurement of Joint Motion: A Guide to Goniometry" (Norkin & White, 2009 ). The active range of motion from a neutral position was measured for flexion and abduction of the shoulder joint on the plegic side, flexion and extension of the elbow joint, dorsal flexion of the wrist and extension of the MP and IP joints of each finger and thumb. For extension of the elbow, measurement was started from the 90° flexion extremity position.
The Motor Activity Log (MAL) includes evaluation of 30 common items in ADL and IADL, through scoring of the amount of use (AOU) and quality of movement (QOM) of the upper extremity on the plegic side based on a questionnaire (Uswatte, Taub, Morris, Vignolo & McCulloch, 2005; Van der Lee, Beckerman, Knol, de Vet & Bouter, 2004) . The MAL has high test-retest reliability and validity. The MAL was modified based on a preceding study (Bowman et al., 2006) to allow evaluation of patients with low finger function of UAB Grade 4 or 5 (MAL grade 5) during CIT. In this modification, the 20 items of the standard MAL-30 that require good hand function were altered so that each action assignment required reduced motion skills.
Statistical analysis
Statistical analysis was performed to examine the hypothesis that significant effects of intense CIMT are indicated by FMA, MAS, and AROM evaluation of participants of UAB Grade 4 or 5. Differences among pretreatment, posttreatment, and 1-mo follow-up scores for the FMA, MAS, AROM, and Grade 5 MAL were tested. Since all test data were normally distributed, repeatedmeasures analysis of variance (ANOVA) was used, followed by multiple comparison using a Tukey post-hoc test. Calculations were performed in EXSAS ver. 7.5 for Windows and STATCEL ver. 2 for Windows Microsoft Excel add-in software.
Results
All participants underwent intense CIMT according to the predetermined protocol. The mean time of use of the mitt based on self-recorded diaries was 83% of waking hours. All pretreatment, posttreatment, and 1-mo followup scores are shown in Table 3 . The FMA score for upper extremity motion showed significant improvement for participants in both Grades 4 and 5. Post hoc analysis indicated significant differences between pre-and posttreatment scores for both grades, and the mean FMA scores increased by 12.2 and 15.5 (P < 0.01, P < 0.05) for Grades 4 and 5, respectively. The effect was maintained for both grades at 1-mo follow-up (post vs. 1-mo follow-up: Grade 4, P = 0.64; Grade 5, P = 0.94). The MAS scores showed a significant attenuation effect on spasticity for Grades 4 and 5, with post hoc analysis revealing significant differences between pre-and posttreatment scores (Grade 4, P < 0.01; Grade 5, P < 0.05). The effect was also maintained at 1-mo follow-up (post vs. 1-mo follow-up: Grade 4, P = 0.45; Grade 5, P = 0.92).
There were significant differences between preand posttreatment and between pretreatment and 1-mo follow-up AROM scores for Grade 4 cases for shoulder flexion, elbow extension, wrist extension, and finger extension, but only small differences between posttreatment and 1-mo follow-up scores for these motions. For Grade 4, there were also only small differences among pretreatment, posttreatment, and 1-mo follow-up AROM scores for shoulder abductor and elbow flexion. For Grade 5 cases, there were significant differneces between pre-and posttreatment and between pretreatment and 1-mo follow-up AROM scores for shoulder flexion and abductor, elbow flexion and extension, but only a small difference between posttreatment and 1-mo follow-up scores for these motions. There were only small differences among pretreatment, posttreatment, and 1-mo follow-up AROM scores for wrist extension and finger extension in Grade 5 cases. P values for the significant differences in AROM scores are given in Table 3 .
In the Grade 5 MAL evaluation, the changes in mean AOU from pre-to posttreatment were 1.4 and 0.7 for Grades 4 and 5, respectively. Post hoc analysis revealed significant differences between pre-and posttreatment and between pretreatment and 1-mo follow-up for Grades 4 and 5 (both P < 0.01). There were only small differences between posttreatment and 1-mo follow-up scores for Grades 4 and 5, indicating that AOU was maintained at 1-mo follow-up (post vs. 1-mo follow-up: Grade 4, P = 0.48; Grade 5, P = 0.46). The MAL evaluation showed a significant effect of CIMT on QOM, with changes in mean values of QOM from pre-to posttreatment of 1.3 and 0.8 for Grades 4 and 5, respectively. Post hoc analysis showed significant differences between pre-and posttreatment and between pretreatment and 1-mo follow-up for Grades 4 and 5 (both P < 0.01). There were only small differences between posttreatment and 1-mo follow-up scores for Grades 4 and 5 (post vs. 1-mo follow-up: Grade 4, P = 0.24; Grade 5, P = 0.45).
A Cohen d test (Cohen, 1988) was used for post hoc analysis of pre vs. post, pre vs. 1-mo follow-up, and post vs. 1-mo follow-up scores, and each effect size was calculated (Table 4) . At least two specific goals established by the participant before starting intense CIT were attained. The specific goals included actions not requiring active finger extension.
Discussion
In this study, we verified the efficacy of intense CIMT for severely affected hands that did not meet the usual indication for CIMT. All participants had an interval of at least one year after stroke, and rehabilitation specialists had judged that motor dysfunction would be maintained. However, our results showed that intense CIMT .3) 1.9 (3.7) 1.9 (3.7)
Grade 5 for severely affected hands of UAB Grades 4 and 5 is an effective regimen that can improve affected-side upper extremity functions in the chronic phase and increase the active use of paralyzed hands, with maintenance of these effects for at least a month after CIMT.
Functional outcome measures
The mean FMA score for the upper extremity in Grade 4 participants improved by 12.2 from pre-to posttreatment, and the effect size was 3.34. This result compares favorably with the effect sizes of 1.03 in Page et al. (Page, Levine & Hill, 2007) , with UAB Grade 2 as the indicator, and of 0.62 in Bonifer et al. (Bonifer, Anderson & Arciniegas, 2005a) , with UAB Grade 3 as the indicator. The mean FMA score in Grade 5 participants improved by 15.5 from pre-to post-treatment, and the effect size was 1.06, similar to that in Page (Page, Levine, Leonard, Szaflarski & Kissela, 2008) .
The MAS results showed that intervention with intense CIMT significantly attenuated spasticity for Grades 4 and 5, and that the effect was maintained for at least one month. The mean pretreatment score for all participants was approximately 2/point, equivalent to spasticity, and showed an increase in muscle tone for almost all ranges of motion. Intensive training with repeat grasping/releasing with an affected hand with strong spasticity and not allowing extension may strengthen spasticity. However, using a splint to assist extension of the fingers in intensive training may attenuate spasticity of the fingers and wrist.
The AROM results showed that intervention with intense CIMT significantly improved shoulder flexion, elbow extension, wrist extension and finger extension for Grade 4 cases, but did not improve shoulder abduction and elbow flexion. The combination of joint motions that showed improvement has a different pattern from that of the flexor cooperative motion of the upper extremity/hand of the affected side. Thus, it seems that the intervention subdivided motions in Grade 4 cases. In Grade 5 cases, improvement occurred only in the proximal parts of the upper extremity at the shoulder and elbow joints, while wrist extension and finger extension in the distal parts were not improved. This is important for determining indication criteria for therapy for finger and wrist extension, since the result suggest that UAB Grade 4 is the lower limit of the indication for intense CIMT to increase practical use of affected hands in daily life.
The results of Grade 5 MAL indicated that intense CIMT significantly improved the AOU and QOM of the affected hand in daily life for cases of Grades 4 and 5. In a study of CIMT in patients of UAB Grades 2-4 with traumatic brain injury in the chronic phase (Shaw et al., 2005) , the effect size between pre-and post-treatment AOU was 1.4 for Grade 4 cases, which is almost the same as the value of 1.3 in our Grade 4 participants. In Grade 5 MAL evaluation of CIMT, the effect size between pre-and post-treatment is considered to be significant and may be simpler and larger compared with that of standard MAL. The subjects who participated in CIMT had specific goals that might have motivated them to use their plegic hands. Placing devices on items for achieving specific goals to make them easier to use may also be beneficial for improving use of an affected hand in the real world.
Constraint of non-affected hands
Our recommended time for which non-affected hands were constrained with mitts was over 80% of waking hours. In general CIMT, constraint for 90% of waking hours is used for cases of Grades 1-3, but in intense CIMT in patients of Grades 4 and 5, eating and standing up are not possible with the affected hand, and 80% is the practical upper limit. Several reports Taub & Wolf, 1997) have shown that constraint of nonaffected hands is not important among the elements of CIMT. Therefore, we believe that the reduced constraint time in this study did not influence the effects of CIT.
Splints
Since participants with a severely affected hand with little or no extension of the fingers and thumb cannot grasp items, it was difficult for them to conduct the action assignments for intensive training for six hours each day. This may be one of the reasons why severely affected hands have previously been excluded from CIMT. However, in the present study, by using a splint to assist finger extension, the participants were able to fasten, pinch, grasp, rotate, and release items, and to draw, write, and strike in the same way as participants meeting the common indication criteria for CIMT. Therefore, they were considered to have undergone effective treatment for the affected extremity. Since these splints may be made easily and inexpensively, they can be widely used in a variety of rehabilitation settings.
Study Limitations
It is difficult for CIMT participants with little or no extension of the fingers and thumb to undergo intensive training involving repeated manipulation of items with the affected hand. Therefore, to make the intensive training effective for such participants, combined use of traditional rehabilitation techniques with a therapist's hands and therapy utilizing splints and self-help devices was performed. This is a disadvantage since it increases the cost of CIMT. Furthermore, since splints and self-help devices have their own therapeutic effects on affected hands, their use might bias the results of the tested effects of CIT. In addition, the sample size in this study was relatively small and further investigation is needed to verify the findings in the general population.
Conclusion
The results of the study suggest that intense CIMT for severely affected hands with little or no extension of the fingers and thumbs improves the functions of the affected-side upper extremity, despite the hand not meeting the indication criteria for conventional CIMT. However, for a hand with no finger extension, the finger function was unchanged and functional recovery of the hand to the point that it could be used practically was not found, despite increased assistive use of the hand in daily life. We conclude that there is a need to develop CIMT further for severely affected hands and to enlarge the indication for CIMT.
